Introduction
Packaging is a major interrupting block for the commercial success of MEMS devices. There are already well established wafer level hermetic packaging methods for MEMS, where the glass frit [1] and metal-based [2, 3] bonding techniques are used. However, these techniques require an intermediate bonding material, increasing not only the fabrication process steps in some approaches but also the bonding temperature and packaging stress in other approaches. The use of any intermediate material can be eliminated with the anodic bonding technique [4] , which also provides a simple, relatively low temperature (possible down to 250°C), and uniform hermetic bonding between glass and silicon wafers. However, this technique is not compatible with lateral feedthroughs not only for the unwanted step heights but also due to the lack of electrical isolation between such feedthrough lines. Sealing with anodic bonding technique requires vertical feedthroughs, but such vertical structures typically require complex viarefill or trench-refill steps. This paper presents a new wafer level vacuum packaging method using anodic bonding eliminating the need for any sealing material, together with a new vertical feedthrough approach recently reported by our group [5, 6] that does not need any complex via-refill or trench-refill steps. Figure 1 shows a three-dimensional (3-D) view of the proposed packaging method. Vertical feedthroughs and the sealing walls are made from highly doped silicon and formed simultaneously by etching the device layer of an SOI cap wafer while the via openings are formed by etching the handle silicon layer. The exposed faces of the vertical feedthroughs can be accessed externally by wire bonds, eliminating any need for via-refill as in [7] . Figure 2 shows the major process steps of the SOI cap and the sensor wafer. The most critical step in the fabrication is the SOI to glass anodic bonding which is believed to be a complicated process since the buried oxide isolates the handle and silicon layers of the SOI cap wafer. Different solutions have been proposed for the SOI-glass anodic bonding in the literature [8, 9] . In this work, the handle and device silicon layers of the SOI cap wafer are electrically shorted with an Al layer prior to the anodic bonding. The SOI cap wafer is then bonded to a sensor wafer [10] by applying 600V at about 350°C, simultaneously forming the hermetic seal and signal transfer leads. 3 and 4 show the pictures of the packaged MEMS dies, providing the details of the via openings, sealing wall, and vertical feedthroughs. While the pitch-size of the via openings is selected to be 800μm for the first prototypes, it can be reduced to 250μm simply by reducing the handle layer thickness of the SOI cap wafer. Figure 5 (a) demonstrates the quality factor versus pressure characteristics of a MEMS resonator before the packaging process performed in a controlled vacuum environment, and Figure 5 (b) presents the resonance characteristics of the same MEMS resonator after wafer level packaging, showing a measured quality factor corresponding to a cavity pressure of almost 1 mTorr according to the results in Figure 5 (a). Resonance tests are performed on randomly selected 20 sensors on a packaged wafer, and 19 of them (95%) are verified to be packaged successfully with characteristics similar to Figure 5 The strength of the packages fabricated using the proposed method is checked with the shear tests. Figure 6 shows the photographs of cap and sensor chips separated from each other during the shear test. The silicon-glass bonding interface is observed to withstand the shear test, as either the silicon cap or the glass substrate is broken, but not the bonding interface. This verifies that the bonding strength of the proposed method is above 15MPa, indicating a high strength sealing. Fig. 6 . Photographs of cap and sensor chips separated from each other during shear test. The silicon-glass bonding interface is observed to withstand the shear test, as either the silicon cap or the glass substrate is broken, but not the bonding interface. This verifies that the bonding strength of the proposed method is above 15MPa.
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In conclusion, the new and simple method developed for wafer level vacuum packaging of MEMS devices is successfully verified to be operational, with a packaging yield over 95%, cavity pressures as low as 1 mTorr with the successfully activated thin film getters, and shear strength above 15 MPa.
